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Abstract
The aim of the present study was to assess the structure of newly formed mineral crystals after electrical stimulation of
osteoblast-like cells in vitro. Pulsed electrical stimulation was coupled capacitively or semi-capacitively to primary osteoblast-
like cells derived from bovine metacarpals. Computer calculations revealed that the chosen input signal (saw-tooth, 100 V, 63
ms width, 16 Hz repetition rate) generated a short pulsed voltage drop of 100 WV (capacitive coupled mode) and of 350 WV
(semi-capacitive coupled mode) across the cell-matrix layer. Stimulated cultures showed an enhanced mineral formation
compared to the non stimulated controls. In cultures exposed to capacitively coupled electric fields and in control cultures
nodules and mineralized globules were found. Nodules with a diameter of less than 200 nm covered the cell surface, whereas
mineral globules with a diameter of up to 700 nm formed characteristic mineral deposits in the vicinity of the cells similar to
biomineral formations occurring in mineralizing tissues. In contrast, large rod-shaped crystals were found in cultures
stimulated by semi-capacitive coupled electric fields, indicating a non-physiological precipitation process. In conclusion,
osteoblasts in culture are sensitive to electrical stimulation resulting in an enhancement of the biomineralization
process. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The discovery of the electromechanical properties
of bone in the 1950s led to the hypothesis, that the
biological reactions of bone are dependent on its
electromechanical potentials [1,2]. Thus, acceleration
of bone healing by electrical stimulation has been
demonstrated by in vivo studies in a series of pub-
lications [3^9]. The factors that trigger the multistep
process of biomineralization of osseous repair tissue
with the underlying mechanism of the healing pro-
cess at the cellular and subcellular level is still un-
known. Particularly, the in£uence of electrical stim-
ulation on the sequential development of osteoblast
di¡erentiation and mineral formation has not yet
been clari¢ed. Several in vitro bone cell studies
have been performed with the attempt of character-
izing electrically induced molecular^biological and
cytobiological reactions [10^15] but none of these
investigations has focused on mineral formation.
The present study was designed to explore the
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mineral structure of mineralizing osteoblast cell cul-
tures that were electrically stimulated by capacitively
and semi-capacitively coupled electric pulses, respec-
tively.
2. Materials and methods
2.1. Cell culture
Osteoblast-like cells were derived from the perios-
teal layer of calf metacarpals. The periost was cut
into pieces of 3^6 mm and were transferred to cul-
ture dishes with the osteogenic layer facing down-
wards. Osteoprogenitor cells migrate from the tissue
explants as described by Jones and Boyde [16]. Ex-
plants were cultured for 3 weeks in High Growth
Enhancement Medium (ICN Biomedicals, Eschwege,
Germany) supplemented with 10% fetal calf serum,
250 Wg/ml amphotericin B, 10 000 IU/ml penicillin,
10 000 Wg/ml streptomycin, 200 mM L-glutamine
(Biochrom KG seromed, Berlin, Germany) at 37‡C
and 5% CO2 in humidi¢ed air. Medium was replaced
once a week.
For plating, primary cells were harvested by suc-
cessive incubation in collagenase (Biochrom KG
seromed) in Tyrode solution and subsequently pel-
leted by centrifugation. An aliquot was retained for
the determination of cell number and cell size using a
coulter counter system (CASY I Model TT, Scha«rfe
System, Reutlingen, Germany). Resuspended cells
were inoculated on culture dishes at a density of
5.5U104 cells/cm2 and cultured for up to 21 days.
For mineralization experiments, 10 mM L-glycero-
phosphate was added to the culture medium.
Cell morphology was continuously monitored by
phase-contrast light microscopy. Furthermore, cells
were characterized by determination of alkaline
phosphatase (AP) activity (Alkaline Phosphatase
Substrate kit III, Vector Laboratories, Burlingame,
CA) and by immunodetection of bone matrix asso-
ciated proteins using monoclonal anti-osteocalcin,
anti-osteonectin, anti-procollagen type I (Takara
Biomedical Europe, Gennevilliers, France), anti-col-
lagen type I (Sigma^Aldrich), anti-collagen type II
(Biogenesis, Poole, UK) and anti-bone sialoprotein
(ImmunDiagnostik, Bensheim, Germany) antibodies.
For determination of bone matrix proteins and AP
activity, medium was decanted and the adherent cell
monolayer was washed with phosphate-bu¡ered sa-
line (PBS) prior to immunostaining. AP-measure-
ment and immunodetection of electrically stimulated
as well as control cultures was carried out on day 7
(before onset of electrical pulse application) and on
day 21 (after 14 days electrical pulse application).
2.2. Electrical stimulation
Electrical stimulation was started 7 days after plat-
ing and was terminated at day 21. Two di¡erent
modes of stimulation were continuously applied for
a period of 2 weeks, i.e., the capacitive coupling
mode and the semi-capacitive coupling mode of elec-
tric pulses. In the capacitively coupled mode both
electrodes were placed outside the culture medium
whereas in semi-capacitively coupled model one elec-
trode was immersed into the culture medium. The
experimental set-up is shown in Fig. 1. Pairs of cir-
cular high-grade steel electrodes constituted the elec-
trical capacitors. Culture dishes were placed between
these electrodes. The lower electrode was isolated
from the medium by the polystyrene bottom of the
culture dish. For capacitive coupling the upper elec-
trode was positioned above the medium leaving an
air gap of approximately 1 mm, whereas the upper
electrode just touched the medium for the semi-ca-
pacitive coupling mode. Up to 12 of these capacitors
were arranged in a CO2-incubator allowing simulta-
neous long-term ¢eld applications to several culture
dishes.
In order to optimize electrical stimulation param-
eters, computer simulations (ICAP/4Windows, Intu-
soft, San Pedro, CA) were performed to characterize
the electric ¢elds generated across the cells. Our sim-
ulation-model of the experimental setup takes into
account the various components of the plate capaci-
tor system, i.e. : the polystyrene bottom of the culture
dish, the adherent cell monolayer, the culture me-
dium, and the air gap separating the upper electrode
from the medium (for the capacitive coupling mode).
Based on theoretical data and experimental values
for capacitance and resistance, the wiring diagram
depicted in Fig. 1B was developed.
For electrical stimulation an asymmetric saw-tooth
voltage (63 ms width, 16 Hz repetition rate) with a
peak-to-peak (pp) amplitude of 100 V at the capaci-
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tor was applied leading to a voltage drop across the
cell monolayer of 100 WV (corresponding to an elec-
trical ¢eld of 6 kV/m) for the capacitive coupling
mode (Fig. 1B, right side) and a voltage drop of
350 WV (corresponding to an electrical ¢eld of 21
kV/m) for the semi-capacitive coupling mode (signal
not shown). These electrical ¢eld strengths are sim-
ilar to other studies [10]. Signals were generated from
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a Model HM8131-2 arbitrary function generator
(HAMEG, Frankfurt a. M., Germany).
2.3. Calcium determination
For analysis of the calcium content the medium
was decanted. Successively, the cell-matrix layer
was washed with PBS and was treated with 4 ml of
0.1 N HCl in order to dissolve the mineral. Determi-
nation of calcium concentration was measured spec-
trometrically at 600 nm by using a colorimetric assay
(Arsenazo III, Sigma^Aldrich) and a calcium-phos-
phorus containing standard solution (10 mg/dl, Sig-
ma^Aldrich) for calibration.
2.4. Electron microscopy
Small pieces of culture dishes with adherent osteo-
blast-like cells were rapidly shock frozen in liquid
nitrogen cooled propane and freeze-dried at 380‡C
for 3 days. The dried cell cultures were warmed up
slowly and were either covered with a 20-nm carbon
layer in a sputter coater (Edwards) for energy dis-
persive X-ray (EDX)-microanalysis or with a 3-nm
chrome layer in a GATAN evaporator for scanning
electron microscopical investigation. Element analy-
sis was conducted on a Jeol scanning electron micro-
scope (SEM) equipped with an energy dispersive X-
ray (EDX) microprobe device (Roentec). An acceler-
ation voltage of 20 kV was applied. For morpholog-
ical imaging, a ¢eld e¡ect SEM (LEO 982) was used
applying an acceleration voltage of 0,8^2 kV.
For ultrastructural analysis, cryo¢xed and freeze
dried cell-matrix layers were collected, vacuum-em-
bedded in araldite resin and polymerised at 65‡C.
Transmission electron microscopy (TEM) and elec-
tron di¡raction analysis (EDA) of ultrathin sections
were carried out on a Philips CM 10 transmission
electron microscope.
2.5. Statistical analysis
Means and standard deviations (S.D.) were calcu-
lated for descriptive statistical documentation. The
unpaired Student’s t-test was applied for analytical
statistics. A value P6 0.05 was considered signi¢-
cant.
3. Results
3.1. Cultures stimulated by capacitively coupled
electrical pulses
Seven days after plating, cells had reached a con-
£uent state and electrical stimulation was started. At
this time and on day 21, the cell-matrix layer of
stimulated cultures and of controls showed similar
AP activity and they clearly expressed procollagen
type I, collagen type I, osteocalcin, osteonectin, and
bone sialoprotein, whereas collagen type II was not
detected. The di¡erent appearance of mineral crystals
with a time dependent acceleration of mineral forma-
tion in electrically stimulated cultures is shown by
Fig. 1. (A) Experimental setup for electrical ¢eld application. The system is fed by a function generator (FG) generating speci¢ed sig-
nals being visualized on an oscilloscope (Osc). Input signals of 5 Vpp are ampli¢ed by a voltage ampli¢er (V) resulting in 100-Vpp
signals at the parallel-connected capacitors. The culture dishes containing the cultures are placed between the pairs of electrodes and
were electrically stimulated in two di¡erent modes, by capacitively coupled electric ¢elds (upper electrode positioned above the me-
dium leaving an air gap) and by semi-capacitively coupled electric ¢elds (upper electrode in contact with the medium). Using a timer
(Z), a transformer (T) and a relay (R) di¡erent periods of time of voltage application could be realized. The right side of the ¢gure
shows the curve of the voltage U(cell monolayer) across the monolayer (below) in response to an external saw-tooth signal U(input)
of 100 Vpp at the capacitors (above) with a repetition rate of 16 Hz (V63 ms period). Calculation is based upon the experimental
setup depicted in B. (B) Wiring diagram representing the experimental setup. Separate RC-circuits characterize the electrical features
of the polystyrene bottom of the culture dish (Rc,Cc), of the adherent osteoblast monolayer (Ro,Co), of the culture medium
(Rm,Cm), and of the air gap (Ra,Ca) separating the upper electrode from the medium in the case of capacitive coupling. The internal
resistance of the power supply was taken into account by insertion of a 50 6 resistance. Capacitances and resistances of each RC-cir-
cuit have been calculated from geometry and material properties and they have been additionally determined experimentally: values of
both methods are in good agreement. Calculation of the electrical parameters of the cell monolayer was based on the assumption that
the monolayer consists of two parallel lipid layers covering the whole culture dish. A total capacitance Cm was attributed to the two
facing lipid layers and a total of Rm to their inner resistance.
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light microscopical images in Fig. 2. The osteoblast-
like cells were con£uent and displayed £attened cell
bodies with bipolar processes. In control cultures
only a few mineral deposits were visible.
In order to examine the e¡ect of electrical stimu-
lation on mineral metabolism of osteoblast-like cells,
the total content of calcium was determined in stimu-
lated cultures and in control cultures (Fig. 3). Before
starting stimulation, calcium content of stimulated
cultures and control cultures, was low and did not
di¡er signi¢cantly. However after starting stimula-
tion (days 10^21), a marked accumulation of calcium
was detected. The stimulated cultures showed a sig-
ni¢cant increase of calcium content compared to
controls indicating an enhanced mineral formation
by osteoblast-like cells.
Observation of mineralizing cell cultures at di¡er-
ent magni¢cations by SEM revealed areas of globu-
lar mineral deposition (mineral spherules) that were
Fig. 3. Calcium content of cell-matrix layers. Capacitively
coupled electric ¢eld stimulation was compared with non stimu-
lated control cultures. Bars represent the means þ standard devi-
ation (S.D.) of ¢ve di¡erent cultures; signi¢cantly di¡erent val-
ues between stimulated and control cultures are marked by an
asterisk (P6 0.01).
Fig. 2. Phase contrast micrographs of stimulated osteoblast-like cells by capacitively coupled electric ¢elds at four di¡erent stages of
mineralization. Stage I (7 days) represents the onset of mineralization (top, left). In stage II (10 day), small and sporadically distrib-
uted mineralized areas are visible (top, right). In stage III (14 days), the mineralized areas occupy 10^50% of the total culture dish
area (bottom, left). In stage IV (21 days), more than 50% of the total culture dish area is covered by newly formed biomineral (bot-
tom, right). Bars = 25 Wm.
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interspersed among the osteoblast-like cells (Fig. 4a)
in stimulated cultures. Small mineral nodules with an
approximate diameter of 200 nm were found as early
indicators of newly formed biomineral in direct con-
tact to the cell surface (Fig. 4c,d). In successive stages
of mineralization, mineral spherules with a diameter
of up to 700 nm appeared to surround the cells (Fig.
4b). These matured spherules were partly covered by
cell membranes (Fig. 4e) or were found to occur with
a clear distance from the cell margins (Fig. 4f). In
control cultures quantity of mineral deposition was
found to be lower than in stimulated cultures but
morphology of mineral formations was found to be
similar.
EDX analysis of stimulated cultures and control
cultures revealed, that mineral spherules were rich
in calcium and phosphorus (Fig. 5). Moderate
amounts of sodium, potassium and sulfur were also
detectable, whereby sodium and potassium, are con-
stituents of the medium and the washing solution
and may have been bind to the extracellular matrix
or the cell surfaces. Instead, sulfur is indicative of
sulfated proteoglycans.
Transmission electron microscopy of stimulated
cultures and control cultures revealed typical nodules
(Fig. 6a) similar to those found in in vivo osteogen-
esis with di¡use electron di¡raction patterns (Fig.
6c), indicating strong lattice disorder of the crystals.
3.2. Cultures stimulated by semi-capacitively coupled
electrical pulses
Light microscopy revealed that in cultures stimu-
lated by semi-capacitively coupled electric pulses, cell
morphology did not di¡er from that found after ca-
pacitive coupled stimulation however, a high amount
of mineral deposition was obvious. By SEM and
TEM observation, rod-shaped mineral crystals
(thickness: 30^50 nm; length: 500 nm) were found
to cover the surface of mineralized areas of the cul-
tures (Figs. 4g,h and 6b) and displayed less di¡use
and textured di¡raction patterns (Fig. 6d) indicating
coarse crystals with a high degree of crystallinity.
4. Discussion
Osteoblasts control bone growth by active involve-
ment in extracellular bone matrix formation and
mineralization. Characterization of bone cells in vi-
tro is based on the detection of di¡erent osteoblast
markers such as alkaline phosphatase [17], collagen
type I, osteocalcin, osteonectin [18], and bone sialo-
protein whereas the absence of collagen type II ex-
clude the presence of chondrocytes. Our immunohis-
tochemical analysis identi¢ed the investigated cells as
osteoblast-like cells.
In order to reveal possible mechanisms of the bio-
mineralization process controlled by osteoblast-like
cells in vitro that are triggered by speci¢c electrical
stimulation, a detailed description of the physical
parameters is required. Since the electrical resistances
Fig. 5. Diagram showing elemental concentrations measured by
EDX-analysis in mineralized cell cultures after 21 days (1 week
without stimulation and 2 weeks with stimulation). Control,
non-stimulated cultures; CCES, continuously stimulated cul-
tures by capacitive coupled electric pulses; S-CCES, continu-
ously stimulated cultures by semi-capacitive coupled electric
pulses. Number of cultures was four; ten di¡erent culture areas
(200U140 Wm) were analyzed on each culture dish. Bars repre-
sent standard deviation of the mean.
Fig. 4. Scanning electron micrographs of osteoblast-like cells stimulated by either capacitively (a^f) or semi-capacitive (g^h) coupled
electric ¢elds for a total of 2 weeks. (a) Survey of a mineralizing culture (bar = 10 Wm). (b) Higher magni¢cation of a region with min-
eral spherules beside an osteoblast-like cell (asterisk) (bar = 2 Wm). (c,d) Newly formed nodules covering the cell surface (bars: c =
2 Wm, d = 0.25 Wm). (e) Mineral spherules in contact with a cellular membrane (bar = 0.25 Wm) and (f) separated from the cell margin
(bar = 0.25 Wm). (g,h) Rod-shaped crystals in cultures after semi-capacitively coupled electric pulse stimulation (bars: g = 0.5 Wm,
h = 0.25 Wm).
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of culture dish and air gap are much higher than the
resistances of medium and cell membranes, applica-
tion of an external electric ¢eld results in a major
voltage drop across the air gap and the culture dish
(see Fig. 1B). Additionally, since the resistance of the
cell monolayer is 100 times higher than the resistance
of the medium, a considerable voltage drop occurs
only across the cell monolayer. For example, having
induced charges by the electric ¢eld across the cell
monolayer at time t = 0, the relaxation time d is given
by b t  b 0Ue3c t=O 0O  b 0Ue3t=d where b0 is the
free charge density at t = 0, O0 is the vacuum dielec-
tric constant, O is the dielectric constant of the mono-
layer and c is the speci¢c conductance of the mono-
layer. Using O0 = 8.85U10312 F/m, OW9.0 [19] and
c= 1.2U1037 631 m31, the calculated relaxation
time is d= O0O/c= 6.5U1034 s. This means that a
static electric ¢eld will fall to 1/e of its initial value
within 650 Ws. Therefore, a saw-tooth voltage with a
step rising £ank was chosen as input signal in order
to generate voltage peaks with an uniform polarity
across the cell monolayer. A repetition rate of 16 Hz
was chosen because many molecular processes and
carrier systems are sensitive to this range of fre-
quency [12,20^22].
In cell-matrix layers a substantial calcium accumu-
lation was only evident in stimulated cultures. The
missing increase of calcium content in controls may
Fig. 6. TEM images of osteoblast-like cells stimulated for a period of 2 weeks. (a) Crystal nodules in capacitively stimulated cultures
and in control cultures; osteoblasts are not visible due to omission of staining at the cryo¢xation (bar = 100 nm). The di¡raction pat-
tern shows a di¡use ring scattering of an apatitic mineral (c). (b) Large crystals formed after semi-capacitive stimulation of cultures
(bar = 200 nm). The sparsity of di¡racted electrons is indicative of large apatite crystal size, corresponding to the imaged crystal (d).
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be due to a missing ascorbic acid component in the
medium.
In addition to calcium quanti¢cation, the deposi-
tion of biomineral was evaluated morphologically.
Investigations by SEM and TEM con¢rmed the an-
alytical data revealed by EDX and EDA. EDX-anal-
ysis of the mineralizing cell-matrix layer in stimu-
lated cultures and control cultures revealed a
calcium to phosphorus ratio of 1.4, which is slightly
lower than that of mineralizing bone. This ¢nding
may be explained by an increased level of phosphate
compared to bone probably due to a higher cellular
proportion in the cell-matrix layer. Although the
content of sodium, potassium and magnesium has
been found to be high in certain microareas at the
mineralization front of di¡erent mineralizing tissues
[23,24], the high concentrations of these elements
found in the cell-matrix layer may strongly depend
on the composition of the medium and on the wash-
ing procedure.
The di¡raction pattern revealed that mineral de-
posits were composed of apatitic phases in all cul-
tures. However, in cultures of the semi-capacitively
coupled mode, the distortions of the crystal lattice
were lower than in the more amorphous mineral de-
posits in cultures of the capacitively coupled mode
and in the control cultures. Further, a striking di¡er-
ence concerning the morphology of the mineral
phase was obvious. In cultures from the capacitively
coupled mode and in the control cultures the mineral
phase consisted of nodules and mineral spherules.
Such globular mineralized bodies are typical for the
onset of mineralization in vivo and are visible at the
mineralization front of woven bone during early os-
teogenesis [25], in mantle dentin [26], in circumpulpal
dentin [27,28], and in mineralizing cartilage during
enchondral ossi¢cation [29]. Nodules are mineralized
matrix vesicles and are considered as precursors of
mineral spherules. Matrix vesicles are accepted to
represent the sites of de novo mineral formation in
vivo and in vitro with regard to their nucleational
core complex responsible for mineral induction [30].
The early biomineralization of our osteoblast-like
cells was associated with the formation of cell surface
nodules with a diameter range comparable to that of
matrix vesicles and nodules in vivo [31]. However,
though collagen type I is clearly proofed in the cul-
ture a collagen related mineralization was not ob-
vious. This in vitro system is similar to the initial
mineral formation in vivo but it is limited concerning
simulation of mature mineral formation in vivo.
The rod-shaped crystals identi¢ed in cultures
stimulated by semi-capacitively coupled electric
pulses showed dimensions of about 30^50 nm in
width and about 500 nm in length. Similar large
crystals have been observed in freeze-fracture sam-
ples of calci¢ed cartilage [32] and in mineralizing
primary cultures of avian growth plate chondrocytes
[33]. These rod-shaped crystals are much larger than
single hydroxyapatite biocrystals found in physiolog-
ical calci¢ed bone tissues. In SEM- and in TEM-im-
ages a characteristic substructure of the rod-shaped
crystals, indicating a crystal^matrix relationship was
not obvious. Thus, it seems likely that these crystals
are mineral deposits formed by precipitation of elec-
trolytes from the medium, which may have been in-
duced by electrochemical e¡ects of our system pro-
duced by the immersed electrode.
Our results demonstrate that the application of
capacitively coupled electric ¢elds allows the stimu-
lation of bone cells by well-de¢ned electric pulses
eliminating possible electrolytic processes at the elec-
trodes. Furthermore, physical stimulation of cell cul-
tures for long terms is well suited to investigate the
cascade of biochemical processes, resulting in a
newly formed extracellular matrix which leads to bio-
mineral formation. The results of the present study
support the hypothesis, that stimulation of osteo-
blasts by capacitively coupled electric pulses can ac-
celerate the multistep process of biomineralization in
vitro.
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